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Abstract 
Brine shrimp are encysted as gastrula stage embryos, 
and may remain dehydrated and encysted for years without 
compromising their viability. This aspect of brine shrimp 
biology is desirable for studying development of animals 
during space shuttle flight, as cysts placed aboard a 
spacecraft may be rehydrated at the convenience of an 
astronaut, guaranteeing that subsequent brine shrimp 
development occurs only on orbit and not on the pad during 
launch delays. 
Brine shrimp cysts placed in 5 ml syringes were 
rehydrated with salt water and hatched during a 9 day space 
shuttle mission. Subsequent larvae developed to the 8th 
larval stage in the sealed syringes. We studied the 
morphogenesis of the brine shrimp larvae and found the 
larvae from the space shuttle experiments similar in rate of 
growth and extent of development, to larvae grown in 
sealed syringes on the ground. Extensive differentiation and 
development of embryos and larvae can occur in a 
microgravity environment. 
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Introduction 
Experiments performed during microgravity portions 
of space flight suggest that gravity plays an important role 
in regulating development. Studies on bacteria (Lapchine et 
al., 1987, Menningman and Lange, 1987 and Ciferi, et al., 
1987) and Paramecium (Richoilley et al., I 987) have 
shown increases in reproductive rates during microgravity. 
The rate of oogenesis in Drosophila also increased during 
space flight, however the rate of hatching decreased, and 
those flies whose oogenesis occurred during space flight 
exhibited developmental anomalies in later stages (Vemos 
et al., 1989). Similarly, embryogenesis studies on 
Carausius morosus showed that embryos exposed to 
microgravity during early stages of development had 
significantly lower hatching rates and increased 
abnormalities in posterior development (Bucker et al . , 
1987). Studies on young, growing rats have repeatedly 
shown that both the quantity and the quality of bone formed 
during the microgravity portion of space flight is 
diminished (Spengler et al ., 1983, Vico et al . , 1988, 
Wronski et al., 1987, Turner et al., 1985) . These reports 
indicate that very early stages of development may be 
especially sensitive to a reduced gravity environment. 
There is little information on the role which gravity 
plays in biological processes, in spite of repeated 
recognition of the importance of this knowledge (SSB, 
1991). This paucity of information exists because 
gravitational biology requires rare and expensive research 
tools, such as spacecraft, to supply a reduced gravity 
environment. Dependence upon spacecraft places limits on 
the frequency of research opportunities, the physical size of 
the experiments, the materials which can be used in an 
experiment and the times at which an experiment may be 
run. Furthermore, developmental experiments which 
involve ongoing processes are impacted by launch delays 
which may disrupt the sequence of important events. We 
have had developmental biology experiment opportunities 
on board two space shuttle missions, and have used the 
development of brine shrimp from dehydrated cysts as a 
system to successfully avoid most of these problems. On 
board our first space shuttle mission, STS-37, we found 
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that brine shrimp rehydrated and hatched at the same rate as 
they did in our laboratory (Spooner et al., 1992, 1993). 
During our subsequent mission, STS-43 , we specifically 
wanted to determine if reduced gravity would affect 
post-gastrula embryonic and larval development of brine 
shrimp. Restrictions imposed by the amount of 
experimental apparatus and pre-determined air and nutrient 
supplies available, limited the number of organisms in this 
study. Nevertheless, using scanning electron microscopy to 
monitor morphogenesis , we found that extensive and 
apparently normal development and differentiation took 
place in the integument of brine shrimp during space flight. 
Materials and Methods 
Materials 
Fifteen cysts from Artemiafranciscana (Sanders Brine 
Shrimp Company, Ogden, Utah) were rehydrated in Instant 
Ocean (Aquarium Systems, Inc . Mentor, OH) containing 
100 U/ml penicillin-100 µg/ml streptomycin (GIBCO, 
Grand Island, NE) and S µg / ml amphotericin B 
(Fungizone, GIBCO), in each of 2 flight syringes and all 
ground control syringes . Spirulina Microfine Powder 
(Argent Chemical Laboratories, Redmond, WA) was used 
as a nonliving food source for developing larvae. Brine 
shrimp were fixed in 1 % glutaraldehyde and I% 
paraformaldehyde in phosphate buffered saline (PBS , 
137mM NaCl, 2.68mM KCI, 0.882mM KH2PO4 , 6.4mM 
N~HPO4 , pH=7.2). 
STS-43 flight procedures 
As one component of the BIMDA-2 secondary 
payload , our experiments flew on the space shuttle Arlanris, 
mission STS-43 , August 2-11, 1991. The experiments 
were conducted in two Bioprocessing Modules (BPMs) each 
of which consisted of three S ml plastic syringes 
(Becton-Dickenson #9603) connected to a 3-port valve that 
allowed a central syringe to communicate with either, but 
not both , of its neighbor syringes at one time (Luttges, 
1992; Chapes et al ., 1992) . Each central syringe housed IS 
cysts and the Spirulina powder (1 µg) in a 2 ml airspace. 
The two outer syringes contained either 3 ml of Instant 
Ocean or 2 ml of fixative . The cyst number, airspace 
volume, food supply, and Instant Ocean volume per syringe 
had previously been optimized (Spooner et al . , 1992). The 
BPMs hung in the middeck where the temperature was 
approximately 23 °C. Twenty-two hours after launch , 
astronaut Shannon Lucid turned the valve and injected the 
Instant Ocean into the central syringe of both BPMs. 
Forty-eight hours after activation, half of the contents (air , 
water and shrimp) of the central syringe of one BPM was 
injected into the fixative syringe. This was repeated for the 
second BPM ninety-six hours after activation . The result 
was that some shrimp were fixed after 2 days of 
development, some after 4 days of development and some 
were fixed 2 hours after landing at Kennedy Space Center, 
after 8 days of development during space shuttle flight. 
Scanning electron microscopy 
Two hours after landing at Kennedy Space Center, all 
shrimp were rinsed in clean Instant Ocean, photographed 
through bright field optics, placed in sample jars containing 
2% glutaraldehyde and 3% paraformaldehyde in PBS (pH 
7.2) and returned to Kansas State University . The larvae 
were twice rinsed in both PBS (pH 7.2) and 0 . IM 
sodium-cacodylate (pH 7.4) . They were then post-fixed in 
2 % osmium tetroxide in 0 . 1 M sodium-cacodylate at 4 °C , 
rinsed in water (at room temperature) and dehydrated in an 
ethanol series of 30%, SO%, 70%, 8S%, 9S%, 100% and 
100 % for 30 minutes each, except 70% , which was 
overnight. After critical point drying , the larvae were 
arranged on double sticky tape and sputter coated with 
gold . An ETEC Autoscan scanning electron microscope 
was used to examine the specimens at an accelerating 
voltage of S kV. The level of morphogenesis that a brine 
shrimp achieved was expressed in larval stages or instars , 
according to criteria described by Schrehardt (1987) and 
based principally on the development of segmentation and 
appendages. 
Ground based controls 
All procedures were repeated under 
temperature and time conditions in BPMs for 
shrimp activated in the laboratory on the ground. 
similar 
control 
Brine shrimp , growing in syringes, underwent 
dramatic development from 2 to 8 days during ground 
based control experiments (Figure I) . Evaluation of 
scanning electron micrographs showed that the control 
shrimp developed as far as the 3rd larval stage (L3) after 2 
days and as far as the 8th larval stage (L8) after 8 days of 
development. Direct measurement of the length of brine 
shrimp larvae, from both flight and control experiments, 
indicated that reduced gravity did not affect the size of 
developing larvae (Figure 2). Hatching rates for flight 
experiments (30%) were lower than typical rates found in 
these sealed syringe environments in the laboratory (37%), 
but not significantly lower. The integuments of the flight 
shrimp were further examined by scanning electron 
microscopy to assess the progress of their development. In 
general , developmental progression was similar to that of 
the ground experiments. 
Two days development 
Five of the brine shrimp recovered from the space 
shuttle experiments had been fixed after 2 days of 
development. These shrimp were all either second or third 
instar larvae with morphological development similar to the 
control shrimp (compare Figure 3 with control Figure 1). 
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Figure 1 - Brine shrimp development in the flight hard-
ware during ground control experiments . The brine shrimp 
larva in Figure la is shown 2 days after the addition of 
water and the larva in Figure lb is shown 8 days after the 
addition of water. Even in this closed system , brine shrimp 
dramatically increased in size and complexity after 8 days 
of development. This figure is the same magnification as 
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Figure 2 - Total length of brine shrimp after 2, 4 and 8 
days of development. Measurements were taken directly 
from scanning electron micrographs of brine shrimp larva 
from flight (F) and ground control (C) experiments. No 
significant difference in length existed between the flight 
and control larva. The number in parentheses is the number 
of brine shrimp measured, error bars are l standard devi-
ation. 
Figure 3- This third instar brine shrimp larva developed for 
48 hours from a gastrula-arrested embryo during space 
shuttle flight. Visible are the three cephalic appendages, the 
antennules (a), antennae (A), and larval mandibles (Im). 
The maxillae (m) can be seen just budding beneath the large 
labrum (L) . Below the maxillae, three thoracic segments (t) 
are beginning to form. Also noted are the setae (S) and 
gnathobase seta (GB). Bar = 100 µm 
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Figure 4 - Fourth instar brine shrimp larva which devel-
oped for four days during space shuttle flight. The first 
three thoracic segments have differentiated into thoracic 
appendages (thoracopods, T). Morphological features noted 
in this figure are a = antennules, A = antennae, Im = 
larval mandibles and L = labrum. Bar = 100 µm 
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Examination indicates that reduced gravity had no apparent 
affect on the resumption of embryonic development, 
hatching , or the morphology and differentiation which brine 
shrimp can successfully complete after 2 days of 
development. Developmental features on each shrimp 
included a large medial labrum and three sets of paired 
appendages on the cephalon and, posterior to these, two or 
three budding thoracic segments. 
Four days development 
One brine shrimp recovered from the space shuttle 
had been fixed after growing for 4 days. This shrimp had 
reached the late fourth or early fifth instar in its 
development, was 910 µm long and its trunk had 
segmented, forming 6 or 7 thoracomers (Figure 4) . The 
first three thoracomers had begun to segment and form 
endites (Figure 5). The size and progress of this shrimp 
corresponded to that of ground control shrimp which 
ranged form the 4th to the 7th larval instar (data not 
shown). Extensive epidermal splitting and peeling along the 
dorsal side of this larva was direct evidence that molting 
occurred during space flight (Figure 6). 
Eight days development 
Three brine shrimp were recovered at Kennedy Space 
Center after growing for 8 days during space flight. The 
farthest that brine shrimp had developed during space flight 
was the eighth instar, a late larval stage occurring shortly 
before juvenile stages. The eighth instar larva in Figure 7 is 
1080 µm long and has developed many complex 
morphological features si milar to the brine shrimp which 
reached the 8th instar in control experiments (Figure 1) , 
including adult compound eyes, dorsal to the antennules, 
the adult mandibles, bulging out from beneath the labrum , 
and, most striking, a medial food groove delimited on each 
side by four completely articulated thoracopods. Posterior 
to these, thoracopods 5 and 6 are segmented into endites 
while thoracomers 7 through 11 show undifferentiated limb 
buds. The thoracic region is followed posteriorly by two 
further segments delimited by intersegmental furrows. 
Discussion 
Brine shrimp live in salty lakes and ponds which may 
shrink drastically or disappear in some seasons. Brine 
shrimp cysts gathered from these habitats contain 
developmentally arrested, gastrula stage embryos whose 
development can resume upon rehydration (Sorgeloos, 
1980) . Rehydration of cysts in salt water can be 
accomplished by a researcher in the lab or by an astronaut 
on orbit, at room temperature and in very small volumes. 
About 24 hours after initiation of rehydration, naupliar 
larvae hatch . Brine shrimp larvae pass through a series of 
molting cycles, or instars, and the tissues in the 
post-cephalic region organize and differentiate into 
segments, sequentially from head to tail (Freeman, 1989a). 
In as little as 14 days (Rowsowski, 1989, Hernandorena, 
1991) brine shrimp larvae may complete 17-19 instars 
(Criel, 1991) to reach adulthood and reproduce before their 
habitats again shrink or disappear. We studied the 
development of brine shrimp during space flight because 
these characteristics, reversibly arrested embryonic 
development, encystment of embryos and rapid growth to 
adulthood, are useful to a researcher involved with space 
flight. 
Our data indicate that development of brine shrimp 
from gastrula stage embryos to 8th stage larvae can occur 
without apparent anomaly, passing through many molting 
cycles and becoming increasingly more complex. These 
results appear to contradict those observed in studies using 
Carausius morosus, where anomalies occurred in larvae 
which had been exposed to a space flight environment 
during similar stages of development (Blicker et al ., 1987) . 
However, the brine shrimp in our experiments never grew 
to adulthood and the effects of exposure to space flight at 
an early stage in development might not be apparent until 
even further and more complex development occurs. 
Furthermore, since brine shrimp have adapted to surviving 
harsh climates for long periods of time, they may not be as 
sensitive to environmental changes after gastrula stage 
encystment has occurred in their life cycle. It is also 
possible that developmental defects might appear in larger 
sample sizes, with increased numbers of shrimp developing 
in space. For the present, the small numbers of organisms 
used have failed to reveal effects. 
Several researchers have reported structural anomalies 
occurring in animals grown in space (Spengler et al. , 1983 , 
Yico et al., 1988, Wronski et al., 1987, Turner et al., 
1985). Morphological deviations were not apparent in the 
brine shrimp that developed in space for this study. An 
earlier flight on Atlantis (STS-37), using 100 cysts, but no 
food source, revealed normal hatching rates but, 
predictably , only 2-3 molts (Spooner et al., 1992 , 1993) . In 
the present experiment, the continuous and steady growth 
of brine shrimp over an eight day period shows that 
ingestion, digestion and metabolism of food occurred 
appropriately in a reduced gravity, space flight 
environment. Since brine shrimp are filter feeders and must 
constantly swim, the feeding that supported growth and 
development to eighth instar stages also demonstrates 
successful swimming and food capture physiology. Indeed, 
studies using transmission electron microscopy showed 
muscles and gut epithelial tissues from these shrimp 
appeared normal (Spooner et al . , 1993) . Clearly the brine 
shrimp did quite well in the reduced gravity environment. 
In our culture system, brine shrimp developed to late 
larval stages in 8 days both during space flight and in 
control experiments. To date, no organism has successfully 
undergone generation to generation development in a 
reduced gravity environment (SSB, 1991), but with longer 
mission durations , brine shrimp are a strong candidate for 
reaching this goal. Systems do exist in which brine shrimp 
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can grow to adulthood in as little as 12 to 14 days 
(Rowsowski, 1989, Hernandorena, 1991). Adapting these 
systems to create a small, closed culture system in which 
brine shrimp can hatch and grow without changing the 
media should ultimately realize this goal . 
In addition to space flight experiments in 
morphogenesis, brine shrimp are desirable candidates for 
studying a number of phenomena such as gene activity 
Figure 5 - Thoracic region of the 4d brine shrimp larva. 
The first three thoracopods (T) are segmenting into indi-
vidual endites (d). Posterior to these are 4 undifferentiated 
thoracic segments (t) . The cuticle is shedding from the lar-
val mandible of this brine shrimp (C) which was in the 
process of molting when it was fixed. Bar = 100 µm 
Figure 6 - Dorsal view of 4 day brine shrimp larva. The 
large arrows indicate an epidermal split down the entire 
mid-dorsal line and extensive peeling of the epidermis from 
the salt gland (SG). This brine shrimp was in the process of 
molting when it was fixed during space flight. A = anten-
nae , a = antennules and Im = larval mandibles . Bar = 
100 µm 
Figure 7 - Ventral view of 8d brine shrimp from space 
shuttle experiments. Significant morphogenesis occurred in 
eight days resulting in two lateral adult eyes (E), adult man-
dibles (AM), four fully articulated and two segmenting 
thoracopods (T), and five thoracic segments (t) . The central 
food groove (F). The larval mandibles (Im) and the labrum 
(L) are also shown in this figure. Bar = 100 µm 
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(Hoffman and Hand, 1990, Van Der Linden et al., 1991), 
gene regulation (Langdon et al . , 1991), developmental 
transitions (Clegg and Conte, 1980, MacRae et al., 1991) 
and processes in cellular differentiation (Hoffman and 
Hand, 1990, Freeman , 1989b) . All of these studies can be 
achieved with larvae much younger than those raised during 
8 days of culture, and could be adapted for biological space 
flight experiments. 
L. DeBell, A. Paulsen, B. Spooner 
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Discussion with Reviewers 
D. B. Spangenberg: If we assume that only 15 (cysts) were 
flown , I can only find 9 accounted for. Did the others fail 
to hatch? Did they hatch and die? 
S. C. Hand: Why were the numbers of cysts so small in 
each sample? 
T. MacRae: Some comment is needed concerning the small 
sample size for most of the experiments . 
Authors: The number of cysts in each of the two 
experimental syringes was 15 . That number was optimized 
to achieve maximum development in sealed syringes 
(Spooner et al., 1992) . Nine shrimp hatched for a hatching 
rate of 30%. The remainder failed to hatch. The result is 
lower than hatching rates observed in controls for this 
experiment (37%), but that could be an artifact of the small 
numbers of cysts that were flown. When we flew more 
cysts in the same hardware on an earlier mission (STS-37), 
44% hatching was observed (controls were 35%). Recently , 
we flew experiments using more hardware (USML-1 , 
STS-50), and found 39 % hatching in flight and 32 % on the 
ground . 
S.C. Hand: Hatching rates seem low. Reasons could 
include (I) the development of the encysted embryos can be 
arrested under anoxia, and (2) in the larval stages, the 
organism is intolerant of anoxia and will die within hours . 
Another factor that can alter hatching percentage is the 
presence of constant agitation. Please comment. 
Authors: There is potential for anoxia in these sealed 
syringes. Hatching using 50 cysts per syringe (on STS-37) 
was 44%, but many of the hatched larvae died, with anoxia 
a likely contributing factor. Oxygen was not measured, but 
a series of experiments determined the correct number of 
cysts and volume of air to use in the present study. 
Agitation might increase hatching percentage, but was not 
possible on STS-43 . 
S.C. Hand: How long did it take control larvae to die in 
glutaraldehyde? This could alter time point accuracy. 
Authors: We observed that it takes from 15 minutes to 
three hours for larvae to die in glutaraldehyde, depending 
on their age. Three hours does not alter our time points 
significantly, since control fixation matched flight fixation. 
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J.A. Freeman: What is the effect of gravity on an organism 
that normally exists in an aqueous environment? 
Authors: Gravity affects aquatic animals in several general 
ways. Although aquatic organisms are buoyant, they are 
still influenced by gravity and are not weightless . Their 
physiology is oriented by or functions with respect to 
gravity . A frog egg still orients with its vegetal hemisphere 
of dense yolk down, although in water. Furthermore, most 
aquatic animals sense up from down and often have 
statocysts to indicate up and down . Also, from the view 
point of the animal , the aquatic environment in 
microgravity is quite different than the aquatic environment 
on the earth. In a weightless environment, food particles 
and undissolved salts do not settle to the bottom but remain 
suspended in solution, and water pressure does not change 
with depth. 
J.A. Freeman: What would one expect to see when an 
organism is reared in microgravity as was done here? 
Authors: We know that life evolved in a constant unit 
gravity environment. However, the role of gravity in 
development is a recent area of study , and while 
microgravity affects several systems in adult animals, we 
do not yet know the effects on growing animals. To the 
extent that gravity has polarizing effects on embryos, it 
might be predicted that the developmental consequences of 
microgravity could be deleterious. A study of the 
development of aquatic animals in microgravity may be 
useful because, except for some arthropods, embryonic 
development in most animals, including humans , occurs in 
an aquatic environment. 
A.P. Mahowald : Since we know that some of the most 
significant aspects of early development in invertebrates of 
this general type occurs prior to gastrulation, normal 
development may not be surpnsmg. The critical 
experiments would be to determine the effect of 
microgravity on the pre-gastrula stage. 
Authors : A study of pre-gastrula stage development is 
important. Our goal is full generation development, 
including oogenesis, fertilization and embryogenesis, 
during extended space flight. Meanwhile, an enormous 
amount of development occurs in arthropods after 
gastrulation and after hatching, so it is worthwhile to study 
how these complicated processes occur in a microgravity 
environment. 
